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(57) ABSTRACT

The present invention proposes a technical solution of code-
book design which is suitable for antennas configured in a
uniform circular array. Respective codewords in the designed
codebooks have constant modulus, respective columns being
orthogonal to each other and nested property. Based on the
designed codebook, the invention further provides a method
of determining a codeword in a base station of a MIMO
communication system, the base station being configured
with N, antennas in a uniform circular array, wherein the
method comprises the steps of receiving codeword index
information from a user equipment; and determining a target
codeword corresponding to the codeword index information
from a set of codebooks according to the codeword index
information,wherein the set of codebooks comprises N, code-
books corresponding respectively to respective ranks and the
N, codebooks are determined based upon a codebook of rank
1 and a N,xN, Hadamard matrix, the first column of the
Hadamard matrix is all 1 or all —-1. As compared with the
existing Rel-10 codebook, the codebooks designed according
to the invention can reduce a feedback overhead and improve
the average spectrum efficiency of a cell and spectrum effi-
ciency of a user at the edge of the cell.

15 Claims, 4 Drawing Sheets
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METHOD OF GENERATING CODEBOOK OF
UNIFORM CIRCULAR ARRAY AND
ACQUIRING CODEWORD FROM THE
CODEBOOK

FIELD OF THE INVENTION

The present disclosure relates to radio communication, and
particularly to a method of codebook design suitable for
antennas configured in a uniform circular array in a Multiple-
Input Multiple-Output (MIMO) radio communication system
and a method and device for determining a codeword from a
designed codebook in a base station configured with antennas
in a uniform circular array.

BACKGROUND OF THE INVENTION

In a Frequency Division Duplex (FDD) system, quantiza-
tion of Channel State Information (CSI) is a key issue. A
Uniform Circular Array (UCA) is a typical antenna configu-
ration of a base station. One way to quantize Channel State
Information for UCA is to reuse a Rel-10 codebook. However
the 8Tx Rel-10 codebook is designed for a linear antenna
array but not well suitable for a uniform circular array.

A full codebook suitable for antennas configured in a uni-
form circular array has been absent so far.

SUMMARY OF THE INVENTION

In view of the foregoing problem, the invention provides a
solution of designing a set of codebooks suitable for antennas
configured in a uniform circular array. The set of codebooks
designed according to the invention is suitable for a base
station, in a MIMO communication system, configured with
anumber N, of transmission antennas configured in a uniform
circular array, the set of codebooks including a number N, of
codebooks corresponding respectively to respective ranks.
The codebook generating method according to an embodi-
ment of the invention includes the step of: determining the N,
codebooks in the set of codebooks based upon a N xN, Had-
amard matrix D and a codebook C, of rank 1, wherein the first
column of the Hadamard matrix D is all 1 or all -1, and the
codebook of rank 1 is

Cp = W™ o =0,1,... ,M-1;r=0,1,... ,N—1},
wherein
W = diag(D(: 1) Vs

Vo 1

"IN,

71;,27/{4?‘ m 2rn P 71;,27/{4?‘ m 2rn P
[e sm(ﬁ)cos(v— 1],e sm(ﬁ)cos(v— 2], T
_2R o zmy (27n R omy  (Oan T
e sm(—)cos(— —0;), e sm(—)cos(— — Oy, )]
M N M N !

D(:,1) represents the first column of the Hadamard matrix D,
diag(D(:,1)) represents a diagonal matrix with main diagonal
elements being the first column of the Hadamard matrix D, R
represents the radius of the uniform circular array, 6, repre-
sents an azimuth angle of the i” antenna, and A represents the
wavelength of the electromagnetic wave emitted from the
base station.
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Particularly a codebook C, of rank r among the N, code-

books in the method may be determined in the formula of:

C={W N m=0,1,..., M-1n=0,1, ..

wherein W, +”):Xm,n(:,l TV, 1sr=N,, X, represents a
NN, matrix, X, ,(:,1:r) represents a matrix composed of the
first to r column vectors of the matrix X, ,, and X 18
constructed by the equation of:

., N-1},

mms

X (5 F0)=diag (D)), k=1,2,. .., N,

> Ve

wherein D represents the N, xN, Hadamard matrix with the
first column which is all 1 or all -1, X, (:.k) represents the
k” column vector of the matrix X, ,,, D(:.k) represents the k™
column vector of the matrix D, and diag(D(:,k)) represents a
diagonal matrix with main diagonal elements being the k™
column vector of the matrix D.

Respective codewords in the codebooks designed accord-
ing to the codebook design solution of the invention have
constant modulus, respective columns being orthogonal to
each other, nested property, etc.

Based upon a set of codebooks designed according to the
invention to be suitable for antennas configured in a uniform
circular array, there is provided in an embodiment of the
invention a method of determining a codeword in a base
station of a MIMO communication system, the base station
being configured with N, antennas in a uniform circular array,
wherein the method comprises the steps of: receiving code-
word index information from a user equipment; and deter-
mining a target codeword corresponding to the codeword
index information from a set of codebooks according to the
codeword index information, wherein the set of codebooks
comprises N, codebooks corresponding respectively to
respective ranks and the N, codebooks are determined based
upon a N, xN, Hadamard matrix D and a codebook C1 of rank
1, wherein the first column of the Hadamard matrix D is all 1
or all -1, and the codebook of rank 1 is

Cp = W™ i =0,1,... ,M-1;n=0,1,... , N -1}, wherein
W = diag(D(: 5 1)) Vs
1

VN,

2R mm 2nn 2R mm 2nn
[e X sm(—)cos(— —01), e X sm(—)cos(— —02), e
M N M N

Vinn =

MR am orn _p2mR o m 2rn T
el sm(—)cos(— —0;], oLedTT sm(—)cos(— — 0Oy )] S
M N M N !

D(:,1) represents the first column of the Hadamard matrix D,
diag(D(:,1)) represents a diagonal matrix with main diagonal
elements being the first column of the Hadamard matrix D, R
represents the radius of the uniform circular array, 6, repre-
sents an azimuth angle of the i antenna, and A represents the
wavelength of the electromagnetic wave emitted from the
base station.

Particularly a codebook C, of rank r among the N, code-
books in the method can be determined in the formula of:

C={W,N m=0.1,. .., M=1;n=0,1, ..

wherein W, +”):Xm,n(:,l TV, 1sr=N,, X, , represents a
NN, matrix, X, ,(:,1:r) represents a matrix composed of the
first to r” column vectors of the matrix X,, ,, and X 18
constructed by the equation of:

., N-1},

mms

X (1 F)=diag(DC, ) . k1,2, ..., N,



US 9,184,817 B2

3

wherein D represents the N,xN, Hadamard matrix with the
first column which is all 1 or all -1, X, _.(:,k) represents the
k” column vector of the matrix X, ,,, D(:.k) represents the k”
column vector of the matrix D, and diag(D(:,k)) represents a
diagonal matrix with main diagonal elements being the k”
column vector of the matrix D.

In another embodiment of the invention, there is provided
a method of providing a base station with codeword index
information in a user equipment of a MIMO communication
system, the base station being configured with N, antennas in
a uniform circular array, wherein the method comprises the
steps of: determining a codeword from a set of codebooks
according to an estimated channel matrix and based on a
predetermined criterion; and transmitting codeword index
information of the codeword to the base station, wherein the
set of codebooks comprises N, codebooks corresponding
respectively to respective ranks and the N, codebooks are
determined based upon a N,xN, Hadamard matrix D and a
codebook C, of rank 1, wherein the first column of the Had-
amard matrix D is all 1 or all -1, and the codebook of rank 1
is

Cy = (W™ m=0,1,... ,.M=-1;n=0,1,... ,N—1}, wherein

W = diag(D(: 5 1)) Vs
1

Vinn =

VN,
2R m 2nn _2R o m 2nn
[e X sm(—)cos(— —01), e sm(—)cos(— —02), e,
M N M N
2R mm 2zn _2Rmm 2rn T
el sm(—)cos(— —0;), e sm(—)cos(— — Oy, )] R
M N M N !

D(:,1) represents the first column of the Hadamard matrix D,
diag(D(:,1)) represents a diagonal matrix with main diagonal
elements being the first column of the Hadamard matrix D, R
represents the radius of the uniform circular array, 0, repre-
sents an azimuth angle of the i” antenna, and A represents the
wavelength of the electromagnetic wave emitted from the
base station.

Particularly a codebook C, of rank r among the N, code-
books in the method is determined in the formula of:

C={W,N m=01,...,M=1;#=0,1,...,N-1},

wherein W, +”):Xm,n(:,l TV, 1sr=N,, X, , represents a
NN, matrix, X, (:,1:r) represents a matrix composed of the

first to r column vectors of the matrix X and X, is
constructed by the equation of:

mms

X (5 F)=diag(D(: ) *v,,,  k=1,2,. .., N,

> Ve

wherein D represents the N,xN, Hadamard matrix with the
first column which is all 1 or all -1, X, (:.k) represents the
k” column vector of the matrix X, ,,, D(:,k) represents the k™
column vector of the matrix D, and diag(D(:,k)) represents a
diagonal matrix with main diagonal elements being the k”
column vector of the matrix D.

As compared with the existing Rel-10 codebook, the code-
books designed according to the invention can reduce a feed-
back overhead and improve the average spectrum efficiency
of'a cell and spectrum efficiency of a user at the edge of the
cell.

In a further embodiment of the invention, there is provided
a device for determining a codeword in a base station of a
MIMO communication system, the base station being con-
figured with N, antennas in a uniform circular array, wherein
the device comprises: a first receiving unit for receiving code-
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word index information from a user equipment; and a first
determining unit for determining a target codeword corre-
sponding to the codeword index information from a set of
codebooks according to the codeword index information,
wherein the set of codebooks comprises N, codebooks corre-
sponding respectively to respective ranks and the N, code-
books are determined based upon a N,xN, Hadamard matrix
D and a codebook C, of rank 1,

wherein the first column of the Hadamard matrix D is all 1 or
all -1, and the codebook of rank 1 is

Cp = W™ i =0,1,... ,M-1;n=0,1,... , N -1}, wherein

W™ = diag(D(: L 1) Vi,
1

Vi =
mn NeA
_:2tR ymm 2nn 2R mm 2nn
[e X sm(—)cos(— —01), e X sm(—)cos(— —02), e
M N M N
;MR m 2nn _2nR o mm 2nn T
el sm(—)cos(— —0;), e L, 8 Ly sm(—)cos(— - N) N
M N M N !

D(:,1) represents the first column of the Hadamard matrix D,
diag(D(:,1)) represents a diagonal matrix with main diagonal
elements being the first column of the Hadamard matrix D, R
represents the radius of the uniform circular array, 6, repre-
sents an azimuth angle of the i antenna, and A represents the
wavelength of the electromagnetic wave emitted from the
base station.

Particularly a codebook C, of rank r among the N, code-
books is determined in the formula of:

C={W m=0,1,...,M-1;7=0,1,...,N-1},

wherein W, +”):Xm,n(:,l TV, 1sr=N,, X, represents a
NN, matrix, X, ,(:,1:r) represents a matrix composed of the
first to r column vectors of the matrix X, ,, and X 18
constructed by the equation of:

mms

N,

> Ve

X (o H)=diag(DC,5))*y,, 0 £=1,2, . ..

wherein D represents the N, xN, Hadamard matrix with the
first column which is all 1 or all -1, X, (k) represents the
k” column vector of the matrix X, ,,, D(:.k) represents the k™
column vector of the matrix D, and diag(D(:,k)) represents a
diagonal matrix with main diagonal elements being the k"
column vector of the matrix D.

In a further embodiment of the invention, there is provided
a device for providing a base station with codeword index
information in a user equipment of a MIMO communication
system, the base station being configured with N, antennas in
a uniform circular array, wherein the device comprises: a
second determining unit for determining a codeword from a
set of codebooks according to an estimated channel matrix
and based on a predetermined criterion; and a first transmit-
ting unit for transmitting codeword index information of the
codeword to the base station, wherein the set of codebooks
comprises N, of codebooks corresponding respectively to
respective ranks and the N, codebooks are determined based
upon a N,xN, Hadamard matrix D and a codebook C, of rank
1, wherein the first column of the Hadamard matrix D is all 1
or all -1, and the codebook of rank 1 is

Cp = W™ m=0,1,... ,.M-1;n=0,1,... , N —1}, wherein

W = diag(D(: , 1) Vi,
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Vo 1
"N,
27R m 2nn m 2nn
I einf — - _ l - _
[e A sm(M )cos( N 01] ks sm(M )cos( N 02], e,

2R mm 2zn _2Rmm 2rn T
el sm(—)cos(— —0;), e sm(—)cos(— — Oy, )] R
M N M N !

D(:,1) represents the first column of the Hadamard matrix
D, diag(D(:,1)) represents a diagonal matrix with main diago-
nal elements being the first column of the Hadamard matrix
D, R represents the radius of the uniform circular array, 6,
represents an azimuth angle of the i”* antenna, and A repre-
sents the wavelength of the electromagnetic wave emitted
from the base station.

Particularly a codebook C, of rank r among the N, code-
books is determined in the formula of:

C={W N m=0,1,...,M-1;#=0,1,...,N-1},

wherein W, +”):Xm,n(:,1:r)/\/r, 1=r=N,, X,,,, represents a
NN, matrix, X, (:,1:r) represents a matrix composed of the
first to r column vectors of the matrix X and X, is
constructed by the equation of:

mms

X (5 F)=diag(D(: ) *v,,,  k=1,2,. .., N,

»

wherein D represents the N,xN, Hadamard matrix with the
first column which is all 1 or all -1,X,,,.(:.k) represents the
k” column vector of the matrix X, ,,, D(:,k) represents the k™
column vector of the matrix D, and diag(D(:,k)) represents a
diagonal matrix with main diagonal elements being the k”
column vector of the matrix D.

The respective aspects of the invention will become more
apparent from the following description of the specific
embodiments.

BRIEF DESCRIPTION OF DRAWINGS

The foregoing and other features of the invention will
become more apparent upon review of the following detailed
description of non-limiting embodiments with reference to
the drawings in which:

FIG. 1 is a flow chart of a method of providing a base
station with codeword index information in a user equipment
of'a MIMO communication system according to an embodi-
ment of the invention;

FIG. 2 is a flow chart of a method of determining a code-
word in a base station of a MIMO communication system
according to an embodiment of the invention; and

FIGS. 3 and 4 show devices according to embodiments of
the invention.

Identical or like reference numerals in the drawings denote
identical or like components.

DETAILED DESCRIPTION OF EMBODIMENTS

In a downlink MIMO communication system, there is
assumed a base station configured with a number N,, of trans-
mission antennas configured in a uniform circular array.
Since the base station is configured with a number N, of
transmission antennas, a total number N, of codebooks will be
designed in a codebook design solution of the invention
respectively as a codebook of rank 1, a codebook of rank 2, a
codebook of rank 3, , and a codebook of rank N,. The
N, codebooks constitute a set of codebooks stored respec-
tively at the side of a base station and the side of a user
equipment.
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Hereinafter a method of designing the respective code-
books in the set of codebooks according to the invention will
be described in details.

Since the N, transmission antennas of the base station are
configured in a uniform circular array, an azimuth angle 0, of
the n” antenna among the N, transmission antennas can be
represented in the equation of:

on
0, = ﬁ’(n—l), n=1,2,... N;

(o, p) represent Angles of Departure (AODs) of an electro-
magnetic wave emitted from the base station, where a repre-
sents an azimuth angle and f§ represents an elevation angle.
According to the antenna theory, the array response of anten-
nas of the base station is in the form of:

M

Seos(a—By, ) r
—5ZR sinpeos(a-
W N,]

Where ce[0,27), fe[0,m), R represents the radius of the
uniform circular array, and A represents the wavelength of the
electromagnetic wave emitted from the base station.

a is quantized uniformly with a number N of values and 3
is quantized uniformly with a number M of values to result in
the equation of:

- 1 e 2R (1 )cos(vfel) @
A
Rl a) | kel e, )

Where m=0,1, ..., M-1, and n=0,1, . .., N-1.

The respective codebooks in the set of codebooks accord-
ing to the invention can be derived respectively in the equa-
tion (2).

The codebook of rank 1 can be represented as:

C={W, N m=01,...,

Where W, "=y

The codebook of rank 1 includes a number M*N of code-
words with a number log,(M)+log,(N) of bits.

To construct a codebook with respective columns orthogo-
nal to each other, a codebook of higher rank can be got by
linear transform on the codebook of rank 1 using a Hadamard
matrix.

Firstly a N,xN, matrix X, ,
as:

M-11=01,...,N-1} 3)

is defined, which can be built

X (1 F)=diag(DC,E))*Y,,  k=1,2,. .., N, 4

Where D represents a N,xN,Hadamard matrix with the first
column which is all 1 or all -1, X, _(:,k) represents the k™
column vector of the matrix X, ,, D(:,k) represents the k™
column vector of the matrix D, and diag(D(:,k)) represents a
diagonal matrix with main diagonal elements being the k™
column vector of the matrix D.

Since respective columns of the Hadamard matrix are
orthogonal to each other, respective columns of the matrix

,, derived in the matrix (4) are also orthogonal to each
other.
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Therefore a codebook of rank r (1=r<N,) can be repre-
sented as:

C={W,N m=01,..., M=1;#=0,1,...,N-1} (3)

Where W,""7=X (.. 1:0)Vr, X,,,(,1:r) represents a
matrix composed of the first to r” column vectors of the
matrix X, . and /r represents normalization.

The codebook of rank r includes a number M*N of code-
words, and the number of required bits is log,(M)+log,(N).

The codebooks of rank 1, rank 2, rank 3, . . . , rank N, can
be derived in the foregoing way, and these N, codebooks
constitute a set of codebooks. Codewords in the respective
codebooks have constant modulus, the respective columns
being orthogonal to each other and nested property

In the downlink MIMO communication system where
antennas of the base station are configured in a uniform cir-
cular array, the set of codebooks generated in the foregoing
way is stored respectively at the side of the base station and
the side of the user equipment to quantize a channel matrix.

A method of determining a codeword from the set of code-
books generated in the foregoing way will be described
below.

Referring to FIG. 1, firstly in the step S11, a user equipment
10 estimates a channel matrix from, for example, a reference
signal to derive the estimated channel matrix.

Then in the step S12, the user equipment 10 determines a
codeword from a stored set of codebooks according to the
estimated channel matrix and based on a predetermined cri-
terion.

The predetermined criterion may be a maximized capacity
criterion, for example, which can be known to those skilled in
the art and will not be detailed here so to avoid a repeated
description.

Next in the step S13, the user equipment 10 transmits
codeword index information of the determined codeword to a
base station 20. The codeword index information can include
rank indication information and codeword indication infor-
mation. The rank indication information recommends the
desired number of data streams to the base station 20, and the
codeword indication information recommends the codeword
to the base station 20.

Referring to FIG. 2, the base station 20 receives the code-
word index information from the user equipment 10 in the
step S21.

Then in the step S22, the base station 20 determines a target
codeword corresponding to the received codeword index
information from the stored set of codebooks according to the
codeword index information.

Particularly in the case that the codeword index informa-
tion includes the rank indication information and the code-
word indication information, the base station 20 firstly deter-
mines a target codebook corresponding to the rank indication
information from the set of codebooks according to the rank
indication information and then determines a target codeword
corresponding to the codeword indication information from
the determined target codebook according to the codeword
indication information.

For example, when the rank indication information indi-
cates the rank of 2, the base station 20 firstly determines the
codebook of rank 2 from the set of codebooks and then
determines a target codeword from the codebook of rank 2
according to the codeword indication information.

In an embodiment, there is an example in which the base
station is configured with eight transmission antennas con-
figured in a uniform circular array.

The radius of the uniform circular array is assumed to be
equal to 0.6 time the wavelength of an emitted electromag-
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8

netic wave, that is, R=0.6A. During the transmission of elec-
tromagnetic wave, for the sake of simplicity, only an elevation
angle but no azimuth angle is considered, that is, the elevation

angle is

a is quantized uniformly with sixteen values, that is, N=16.
Inthe equations (2) to (5), a codebook of rank r (1=r=8) can

be represented in

C={W," n=0,1,...

the equation of:

15}

Where W =X (:,1:r)Vr, X, represents a 8x8 matrix with
the k™ column vector which can be represented in the equa-

tion of:

X, (k)=diag(D(:,k))*v,, k=1,2,...,8

Where

Vp =

e—jl.Zﬂcos(%)’ gl meos(g

T
m_m) ’e,jl_zﬂcos(%f%)] i

[

and the Hadamard matrix D can be, for example:

-1
-1

— =

-1

1
—_
—_

-1
-1
-1

1
—_
—_
—_

-1

In a communication experiment conducted according to
the foregoing embodiment, system simulation is performed
over a 19 cells. Simulation parameters and assumptions are as

depicted in Table 1.
TABLE 1
Simulation parameters and modeling assumptions

parameters assumptions
Site-to-site distance 150 m
Carrier frequency 2.5GHz
Bandwidth 10 MHz
Path loss 36.7 logo(d) + 22.7 + 26 logo(f) (d inm, fin

GHz)
BS antenna gain + 5dBi
connector loss
Tx power per antenna  24dBm
Min drop distance 10m
Shadowing standard 10dB
deviation
Shadow correlation 0.5 between cells
Penetration loss 20dB
Noise figure at 7dB
receiver
Duplex method FDD

Number of users

per cell

Channel model
Antenna configuration

uniform, 10 per small cell, associated to max
SINR cell

3GPP Urban Macro

8-Tx eNB: UCA radius 0.6-wavelength

2-Rx UE: ULA, 0.5-wavelength antenna spacing



US 9,184,817 B2

9
TABLE 1-continued

Simulation parameters and modeling assumptions

parameters assumptions

Scheduler Proportional fair and frequency selective
scheduling;

Scheduling granularity of one sub-frame
non-ideal CQI (i.e. feedback CQI is quantized
according to MCS level

Ideal channel estimation

CQU/PMI reporting period: 5 ms CQIPMI
feedback: sub-band (5 RB)/wideband (all RBs)
Delay: 6 ms

SU-MIMO: codebook based for FDD

Fixed at 0.3063 (As agreed in ITU evaluation)

Link adaptation

Channel estimation
Feedback impairments

Downlink pre-coding
Control channel and
reference signal

overhead
Codebook Rel-10 codebook

4-bit proposed codebook
MIMO parameters Rank adaptation for SU-MIMO

Test configuration 3 drop, each with 300 sub-frames

The performance comparison between the codebooks
designed according to the invention and the Rel-10 codebook
is as depicted in Table 2. As can be apparent from Table 2, the
performance of the codebooks of the invention is superior
significantly to that of the Rel-10 codebook. For a feedback
overhead, the Rel-10 codebook needs both four bits for wide-
band and four bits for each sub-band, while the codebooks
designed according to the invention need merely four bits for
each sub-band.

TABLE 2

8-Tx simulation results

Average cell spectral
efficiency (bits/s/Hz)

5% Cell edge spectral

Codebook type efficiency (bits/s/Hz)

Rel-10 codebook
Proposed 4-bit
codebook

1.90 (100%)
2.25 (118.4%)

0.036 (100%)
0.059 (163.9%)

Referring to FIG. 3, a device 22 within the base station 20
includes a first determining unit 24, a first receiving unit 26,
and a stored set of codebooks 28. The first receiving unit 26
receives codeword index information from the user equip-
ment 10. The first determining unit 24 determines a target
codeword corresponding to the received codeword index
information from is the stored set of codebooks 28.

Referring to FIG. 4, a device 12, within the user equipment
10, includes a second determining unit 14, a stored set of
codebooks 16, and a first transmitting unit 18. The user equip-
ment 10 estimates a channel matrix. The second determining
unit 14 determines a codeword from a stored set of codebooks
16 according to the estimated channel matrix and based on a
predetermined criterion. The first transmitting unit 18 then
transmits codeword index information of the determined
codeword to the base station 20.

As can be apparent to those skilled in the art, the invention
will not be limited to the details of the foregoing exemplary
embodiments but can be embodied in other specific forms
without departing from the spirit or scope of the invention.
Accordingly the embodiments shall be construed in an illus-
trative but not limiting sense in any respect, and any reference
numerals in the claims shall not be construed as limiting the
claims in question. Furthermore it will be obvious that the
term “comprising” will not preclude presence of another ele-
ment(s) or step(s), and the term “a” or “an” preceding an
element will not preclude inclusion of “a plural of” such
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elements. A plurality of elements stated in a product clam can
alternatively be embodied in software or hardware as a single
element. The terms “first”, “second”, etc., are intended to

represent a name but not to suggest any specific order.

The invention claimed is:

1. A method of generating a set of codebooks, the set of
codebooks being suitable for a MIMO communication sys-
tem in which a base station is configured with N, transmission
antennas and the N, transmission antennas are configured in a
uniform circular array, the set of codebooks comprising N,
codebooks corresponding respectively to respective ranks,
wherein the method comprises:

determining the N, codebooks in the set of codebooks

based upon a N,xN, Hadamard matrix D and a codebook
C, ofrank 1,

wherein the first column of the Hadamard matrix D is all 1

or all -1, and the codebook of rank 1 is

Cp = W™ i =0,1,... ,M-1;n=0,1,... , N -1}, wherein

W = diag(D(:, 1)) Vs

Vi =
"N,
2R mm 2nn 2R mm 2nn
[e X sm(—)cos(— —01), e X sm(—)cos(— —02), e
M N M N
MR m nn _2mRmm Onn T
el sm(—)cos(— —0;], oLedTT sm(—)cos(— — Oy, )] S
M N M N !

D(:,1) represents the first column of the Hadamard matrix D,
diag(D(:,1)) represents a diagonal matrix with main diagonal
elements being the first column of the Hadamard matrix D, R
represents the radius of the uniform circular array, 6, repre-
sents an azimuth angle of the i antenna, and A represents the
wavelength of the electromagnetic wave emitted from the
base station.

2. The method according to claim 1, wherein a codebook C,.
of rank r among the N, codebooks is determined in the for-
mula of:

C={W0 m=0,1,...,M-1;7=0,1,...,N-1},

wherein W,0""0=X (. 1:r)Vr, 1srsN,, X, represents
a NxN, matrix, X,, (:,1:r) represents a matrix com-
posed of the first to * column vectors of the matrix D, G
and X,, , is constructed by the equation of:

X (5 F0)=diag (D)), k=1,2,. .., N,

> Ve

wherein D represents the N, xN, Hadamard matrix with the
first column which is all 1 or all -1, X,, ,.(:,k) represents
the k” column vector of the matrix X s D(5K) repre-
sents the k” column vector of the matrix D, and diag(D
(:,k)) represents a diagonal matrix with main diagonal
elements being the k” column vector of the matrix D.
3. A method of determining a codeword in a base station of
a MIMO communication system, the base station being con-
figured with N, antennas in a uniform circular array, wherein
the method comprises:
receiving codeword index information from a user equip-
ment; and
determining a target codeword corresponding to the code-
word index information from a set of codebooks accord-
ing to the codeword index information, determining a
target codeword corresponding to the codeword index
information from a set of codebooks according to the
codeword index information,
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wherein the set of codebooks comprises N, codebooks cor- wherein the first column of the Hadamard matrix D is all 1
responding respectively to respective ranks and the N, or all -1, and the codebook of rank 1 is

codebooks are determined based on a N,xN, Hadamard
matrix D and a codebook C, of rank 1,
wherein the first column of the Hadamard matrix Disall 1 5 ¢, ={w™*™ m=0,1,... \M-1;n=0,1,... , N -1}, wherein
or all -1, and the codebook of rank 1 is e _
wi = diag(D(:, 1)) viu,n,

1

Vinn =
Cp = W™ i =0,1,... ,M-1;n=0,1,... ,N -1}, wherein VN,
10
(mN+n . 27 R ;2R
W™ = diag(D(:, 1) Vin, L;IT sin(ﬂ)cos(@ - 01), e sin(@)cos(@ - ez), s
M N M N
1
Vi = _2R . mm 2nn _2R m 2nn T
VN, e X sm(ﬁ)cos(T —0;), e sm(ﬁ)cos(T - Nr)] s
[,j,Z%R 3 (nm) (Znn 0) 1;,2%@ . (nm) (Znn 0)
— —_— n| — Jeos| — — e,
e smMcos N | |, e S1. I N 2 | 15 )
D(:,1) represents the first column of the Hadamard matrix D,
_;2Romm 2rn _;2Rm 2nn r . . . . ..
s Sin(ﬁ)cos(T - 9‘.], e Sin(ﬁ)COS(T — by, )] , diag(D(:,1)) represents a diagonal matrix with main diagonal

elements being the first column of the Hadamard matrix D, R
represents the radius of the uniform circular array, 0, repre-
D(:,1) represents the first column of the Hadamard matrix D, 20 sents an azimuth angle of the i antenna, and A represents the

diag(D(:,1)) represents a diagonal matrix with main diagonal wavelength of the electromagnetic wave emitted from the
elements being the first column of the Hadamard matrix D, R base station.

represents the radius of the uniform circular array, 6, repre- 7. The method according to claim 6, wherein a codebook C,.
sents an azimuth angle of the i antenna, and A represents the of rank r among the N, codebooks is determined in the for-

wavelength of the electromagnetic wave emitted from the 25 mula of:
base station.

R R . C={W,N m=01,..., M-1;n=0,1, ..., N-1},
4. The method according to claim 3, wherein a codebook C, = ” " }

of rank r among the N, codebooks is determined in the for- wherein W +”):Xm,n(:,l 1V, 1=r=N,, X, represents
mula of: a NxN, matrix, X,, (:,1:r) represents a matrix com-
30 posed of the first to r column vectors of the matrix X

=W, N, m=0,1,..., M-1;n=0,1,...,N-1 : .
GOm0, Moln=0 L, - N, and X, , is constructed by the equation of:

wherein W, +”):Xm,n(:,l ‘DN, 1=r=N,, X, , represents
a NN, matrix, X, (:,1:r) represents a matrix com-
posed of the first to r* column vectors of the matrix X wherein D represents the N, xN, Hadamard matrix with the
and X, , is constructed by the equation of: 35 first column which is all 1 or all -1, X, _(:,k) represents
’ the k™ column vector of the matrix X s D(5K) repre-
sents the k” column vector of the matrix D, and diag(D

X (5 F0)=diag (D)), k=1,2,. .., N,

> Ve

X (5 F)=diag(D(: ) *v,,,  k=1,2,. .., N,

> Ve

wherein D represents the N, xN, Hadamard matrix with the (:,k)) represents a diagonal matrix with main diagonal
first column which is all 1 or all -1, X, .(:,k) represents elements being the k” column vector of the matrix D.
the k” column vector of the matrix X, D) repre- 40 8. The method according to claim 6, wherein the codeword
sents the k” column vector of the matrix D, and diag(D index information comprises rank indication information and
(:,k)) represents a diagonal matrix with main diagonal codeword indication information.
elements being the k” column vector of the matrix D. 9. The method according to claim 6, wherein the predeter-
5. The method according to claim 3, wherein the codeword mined criterion comprises a maximized capacity criterion.
index information comprises rank indication informationand 45  10. A device for determining a codeword in a base station
codeword indication information, and the determining com- of a MIMO communication system, the base station being
prises: configured with N, antennas in a uniform circular array,
determining a target codebook corresponding to the rank wherein the device comprises:
indication information from the set of codebooks a first receiver configured to receive codeword index infor-
according to the rank indication information; and 50 mation from a user equipment; and
determining the target codeword corresponding to the a first determiner configured to receive codeword index
codeword indication information from the target code- information from the first receiver and further config-
book according to the codeword indication information. ured to determine a target codeword corresponding to
6. A method of providing a base station with codeword the codeword index information from a set of codebooks
index information in a user equipment of a MIMO commu- 55 according to the codeword index information,
nication system, the base station being configured with N, wherein the set of codebooks comprises N, codebooks cor-
antennas in a uniform circular array, wherein the method responding respectively to respective ranks and the N,
comprises: codebooks are determined based upon a N,xN, Had-
determining a codeword from a set of codebooks according amard matrix D and a codebook C, of rank 1,
to an estimated matrix and based on a predetermined 60  wherein the first column of the Hadamard matrix D is all 1
criterion; and or all -1, and the codebook of rank 1 is

transmitting codeword index information of the codeword
to the base station,

wherein the set of codebooks comprises N, codebooks cor- L= {W™™ m=0,1,... ,M~-1;n=0,1,... , N1}, wherein
responding respectively to respective ranks and the N, 65
codebooks are determined based upon a N,xN, Had-
amard matrix D and a codebook C, of rank 1,

W = diag(D(: , 1) Vi,
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-continued
Vo 1
NN,

[71;27/{7R . (nm) (Znn 0] 1;,2%@ i (nm) (Znn 0]

e sin 7 Jeos| 1, e sin 7 Jeos| — 2
2R mm 2zn _2Rmm 2rn T
el sm(—)cos(— —0;), e sm(—)cos(— — Oy, )] R

M N M N !

D(:,1) represents the first column of the Hadamard matrix D,
diag(D(:,1)) represents a diagonal matrix with main diagonal
elements being the first column of the Hadamard matrix D, R
represents the radius of the uniform circular array, 6, repre-
sents an azimuth angle of the i” antenna, and A represents the
wavelength of the electromagnetic wave emitted from the
base station.

11. The method according to claim 10, wherein a codebook
C, of rank r among the N, codebooks is determined in the
formula of:

C={W,N m=01,...,M=1;#=0,1,...,N-1},

wherein W, +”):Xm,n(:,l ‘DN, 1=r=N,, X, , represents
a NN, matrix, X, (:,1:r) represents a matrix com-
posed of the first to r* column vectors of the matrix X
and X,, , is constructed by the equation of:

X, (H)=diag(D( )y, k=1,2,..., N,

> Ve

wherein D represents the N,xN, Hadamard matrix with the
first column which is all 1 orall -1, X _(:,k) represents
the k™ column vector of the matrix X s D(K) repre-
sents the k” column vector of the matrix D, and diag(D
(:,k)) represents a diagonal matrix with main diagonal
elements being the k” column vector of the matrix D.

12. The device according to claim 10, wherein the code-
word index information comprises rank indication informa-
tion and codeword indication information, and the first deter-
mining unit is further configured to determine a target
codebook corresponding to the rank indication information
from the set of codebooks according to the rank indication
information and for determining the target codeword corre-
sponding to the codeword indication information from the
target codebook according to the codeword indication infor-
mation.

13. A device for providing a base station with codeword
index information in a user equipment of a MIMO commu-
nication system, the base station being configured with N,
antennas in a uniform circular array, wherein the device com-
prises:

a second determiner configured to determine a codeword
from a set of codebooks according to an estimated chan-
nel matrix and based on a predetermined criterion and
provide the codeword to a transmitter; and
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wherein the transmitter is configured to transmit codeword
index information of the codeword to the base station,

wherein the set of codebooks comprises N, codebooks cor-
responding respectively to respective ranks and the N,
codebooks are determined based upon a N,xN, Had-
amard matrix D and a codebook C, of rank 1,

wherein the first column of the Hadamard matrix D is all 1
or all -1, and the codebook of rank 1 is

Cp = W™ m=0,1,... ,.M-1;n=0,1,... , N —1}, wherein

W = diag(D(: , 1) Vi,
1

Vinn =

VN,
2R m 2nn 2R m 2nn
[e X sm(—)cos(— —01], e sm(—)cos(— —02], e,
M N M N
2R mm 2nn _2%R mm 2nn T
e X sm(—)cos(— —0;), e X sm(—)cos(— - N) R
M N M N !

D(:,1) represents the first column of the Hadamard matrix D,
diag(D(:,1)) represents a diagonal matrix with main diagonal
elements being the first column of the Hadamard matrix D, R
represents the radius of the uniform circular array, 6, repre-
sents an azimuth angle of the i antenna, and A represents the
wavelength of the electromagnetic wave emitted from the
base station.

14. The method according to claim 13, wherein a codebook
C, of rank r among the N, codebooks is determined in the
formula of:

C={WN =01, ..

L M-1m=01, ..., N-1},

wherein W,0"™"=X__(:,1:r)Vr, 1=r=N,, X, , represents
a NxN, matrix, X,, (:,1:r) represents a matrix com-
posed of the first to * column vectors of the matrix D, G
and X,, , is constructed by the equation of:
X, (l)=diag(D( )y, k=1,2,..., N,

> Ve

wherein D represents the N, xN, Hadamard matrix with the
first column which is all 1 or all -1, X, _(:,k) represents
the k™ column vector of the matrix X s D(K) repre-
sents the k” column vector of the matrix D, and diag(D
(:,k)) represents a diagonal matrix with main diagonal
elements being the k” column vector of the matrix D.
15. The device according to claim 13, wherein the code-
word index information comprises rank indication informa-
tion and codeword indication information.
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